idea that something can be destroyed is useful in the analysis of thermal power systems (Goodarzian and Shobi, 2010) . This idea does not apply to energy, however, but to exergy.
Exergoeconomics (Thermoeconomics) is the branch of power engineering that, by means of the combined application of the first and second laws of thermodynamics (exergy analysis) and economics, allows the attainment of results otherwise impossible through traditional thermodynamic and economic analysis (Querol et al., 2013) . Exergy is taken as a rational basis for economic cost allocation between the resources and products involved in thermal power plant processes and for the economic evaluation of their thermodynamic imperfections.
The exergy analysis of thermomechanical conversion plants aims to characterize how the fuel exergy is used and destroyed in the energy conversion processes that take place in these plants.
Exergy is based on the first and second laws of thermodynamics, and combines the principles of conservation of energy and non-conservation of entropy. The essence of exergy analysis is primarily for optimization. If properly done it reveals where in the plant the largest energy wastage occurs and therefore the need for design improvements (Rosen, 2009; Ofodu and Abam, 2002) .
The needs to evaluate the cost production process in a thermal power plant (gas turbine or steam turbine power plant) can be rationally conducted if the exergy of the product of the plant (i.e electricity generated) is taken as the value basis. This is an interesting application of exergoeconomics concepts to evaluate and allocate the cost of exergy throughout the power plant energy conversion processes, considering costs related to exergy inputs and investment in equipment.
Exergoeconomics combines exergy analysis with conventional cost analysis in order to evaluate and optimize the performance of energy systems (Seyyedi et al., 2010) . Exergoeconomics is a tool used not only to evaluate the cost of inefficiencies or the costs of individual process streams (including intermediate and final products) but also to improve overall system efficiency and lower life cycle costs of a thermodynamic system. Exergoeconomic analysis allows evaluation of cost incurred by irreversibility, which may include the capital cost and operating cost of each component of energy conversion systems (Leonardo et al., 2005; Ibrahim et al., 2001) . A complete exergoeconomic analysis consists of (a) an exergetic analysis, (b) an economic analysis, and (c) an exergoeconomic evaluation.
A number of studies on exergy and exergoeconomic analyses of thermal power plants have been carried out by several researchers. Among these studies include but not limited to the following: Aras and Balli (2008) carried out an exergoeconomic analysis of a combined heat and power system with the micro gas turbine. In the study, quantitative balances of the exergy and exergy cost for each component and for the whole system were carefully considered, while exergy consumption and cost generation within the system were determined. The results of the study showed that the exergetic efficiency of the MGTCHP system was 35.80% with 123 kW (as 99.15 kW-electrical power and 24.46 kW-hot water@363.15 K). The exergoeconomic analysis results showed that the unit exergy cost of electrical power and hot water produced by the MGTCHP system were accounted as 26.808 €(GW) -1 and 7.737 €(GW) -1 , respectively. Exergoeconomic Optimization of Gas Turbine Power Plants Operating Parameters Using Genetic Algorithms: A Case Study was investigated by Gorji-Bandpy and Goodarzian (2011) . The results of the study showed that the cost of final product is 9.78% lower with respect to the base case. This is achieved with 8.77% increase in total capital investment. Also exergoeconomic analysis and evaluation were performed for the gas turbine power plant. The results showed the deep relation of the unit cost on the change of the operating parameters. GorjiBandpy and Ebrahimian (2006) , investigated exergoeconomic analysis of a gas turbine power plant in Iran. Monetary evaluations of various exergy costs were obtained by solving a set of equations. A comparison analysis between typical exergy-costing methodologies was also evaluated. The authors concluded that the modified productive structure analysis (MOPSA) is the best method for estimate the unit cost of electricity produced from gas turbines.
Energy, exergy and exergo-economic based analyses of a gas turbine power generation system were carried out by Mousafarash and Ahmadi (2014) . The highest exergy destruction occurred in the combustion chamber (CC), where the large temperature difference is the major source of the irreversibility. The effects of the gas turbine load variations and ambient temperature were also investigated to see how system performance changes. The gas turbine was significantly affected by the ambient temperature which leads to a decrease in net power output. In addition, the cost of exergy destruction in each component and the cost of fuel were further determined. The combustion chamber has the largest cost of exergy destruction, which is in line with the exergy analysis result. Mousafarash and Ameri (2013) performed exergy and exergo-economic based analysis of a gas turbine power generation system where the effects of the gas turbine load variations and ambient temperature on system performance variation were investigated. The gas turbine was significantly affected by the ambient temperature which led to a decrease in net power output. Furthermore, a reduction in gas turbine load resulted in a decrease in the exergy efficiency of the cycle as well as all the components. It was further revealed that an increase in ambient temperature has a negative effect on the exergy efficiency of the cycle, so this factor could be countered by using gas turbine air inlet cooling methods. In addition, an exergo-economic analysis was conducted to determine the cost of exergy destruction in each component and to determine the cost of fuel. The results showed that combustion chamber has the largest cost of exergy destruction.
Thermo-economic analysis of inlet air cooling in gas turbine plants was performed by Marzouk and Hanafib (2013) . In this study, chiller cooling and evaporative cooling were studied thermally and economically for a 264 MW gas turbine plant in southern Egypt. The results of the study showed that the annual power gained by chiller cooling was 117,027 MWh, and the net cash flow was $3,787,537 while the annual power gained by evaporative cooling was 86,118 MW, and the net cash flow was $4,503,548. Kaviri et al. (2011) carried out a comprehensive thermodynamic modeling and exergoeconomic optimization of a steam power plant. In this study, the sum of capital and operational costs in exergoeconomic approach was defined as the objective function. The objective function was minimized using Genetic Algorithm technique subject to list of constraints for obtaining the numerical values of the optimum design parameters. The results of exergoeconomic optimization showed that the cycle thermal efficiency improved by 0.85%, the boiler fuel consumption decreased by 0.085 kg/s, the total exergy destruction of the plant decreased by 9369 kW and the total cost (sum of capital and operational costs) of the plant decreased by197 $/h in comparison with the existing values for the studied Shahid Rajaei Power Plant. Can et al. (2009) carried out a study on energetic-exergetic-economic analyses of a cogeneration thermic power plant in Turkey. The first and second laws of thermodynamics were adapted to the measured data. In addition, fuelutilization efficiency, rate of power heat and rate of process heat were determined. The results of the study showed that the second law efficiency was 89.5% and the payback period of the plant was found to be 3.5 years. Sahoo (2008) performed exergoeconomic analysis and optimization of a cogeneration system using evolutionary programming. A cogeneration system that produced 50 MW of electricity and 15 kg/s of saturated steam at 2.5 bar was optimized using exergoeconomic principles and evolutionary programming. The product cost, cost of electricity and steam, was 9.9% lower with respect to the base case. The additional investment can be paid back in 3.23 years. Ameri et al. (2009) performed the energy, exergy and exergoeconomic analysis for the Hamedan steam power plant. The results of the study showed that largest energy losses occurred in the condenser. The irreversibility rate of the boiler was higher than the irreversibility rates of the other components. When the ambient temperature was increased from 5 to 24 o C, the irreversibility rate of the boiler, turbine, feed water heaters, pumps and the total irreversibility rate of the plant were increased. In addition, as the load varied from 125 to 250 MW (i.e., full load) the exergy efficiency of the boiler and turbine, condenser and heaters were increased. The result of exergoeconomic analysis showed that the boiler has the highest cost of exergy destruction. In addition, the result of an optimization procedure developed for the power plant showed that the cost of exergy destruction and purchase can be decreased by almost 17.11%. Igbong and Fakorede (2014) carried out an exergoeconomic analysis on a 100 MW gas turbine power plant at Ughelli, Nigeria. Exergoeconomic optimization was performed using engineering equation solver (EES) to estimate the cost rate associated with all the exergy streams at cycle state points and the cost of plant final product which is electricity. Two parameters were chosen as the decision variables: turbine inlet temperature, T 3 and compressor pressure ratio, r p . The results showed that the unit cost of product decreased to a minimum point as the decision variables increased. The least unit cost of product was achieved at T 3 = 1474 K and r p = 11.4. The plant thermal efficiency and exergy efficiency were 31.05% and 30.81%, respectively. The study further showed that the combustion chamber had the least exergetic efficiency of 54.05% and exergy destruction rate of 238.681 MW. Singh and Kaushik (2014) presented exergoeconomic analysis of a Kalina cycle coupled coal-fired steam power plant using specific exergy costing (SPECO) methodology. In the study, cost-balance and auxiliary equations were developed and solved. In the topping cycle, the boiler and the turbine contributed maximum to the formation of product cost, while in the Kalina bottoming cycle, the components that contribute largely to the formation of the product cost were the evaporator and the turbine. Low values of exergoeconomic factors for recuperator and evaporator indicated that improving their efficiency would reduce the exergy destruction cost. Exergoeconomic analysis for Unit Gt14 of the South Tripoli gas turbine power plant was investigated by Fellah et al. (2010) . The methodology used in the study was based on the Specific Exergy Costing (SPECO) approach. They identified that the average cost per unit exergy net power equals to 7.1 $/GJ at 40% design load, 5.5 $/GJ at 60% design load, and 4 $/GJ at full operating load. The cost of exergy destruction in the combustion chamber presented the main contribution to the total cost of exergy loss; its value varied in the combustion chamber from 1474 $/h at 40% design load to 1123 $/h at the full operating load. The contribution and the variation of cost of exergy destruction with load are lower for the other two main components.
Most of the past studies on exergy and exergoeconomic analyses of gas turbine plants were based on a single gas turbine unit. In the present work, exergy and exergoeconomic analyses are performed on eleven (11) gas turbine units at three different stations in Nigeria.
The prime objectives of the study are:
• To evaluate the performance of the selected gas turbine power plants by analyzing the exergetic parameters of each component based on the actual operational data.
• To establish exergy consumption and destruction in the same components of the gas turbine power plants using the second law of thermodynamics.
• To identify the most significant source(s) of exergy destruction in the power plants and the location(s) of occurrence.
• To evaluate exergoeconomic performance of the selected gas turbine power plants in Nigeria by analyzing exergetic cost parameters of each component of the power plants.
• To determine the unit cost of electricity in the selected gas turbine power plants using exergy costing analysis.
System description
Gas turbine power plants in Nigeria operate on simple gas turbine engine consisting mainly of a gas turbine coupled to a rotary type air compressor and a combustion chamber which is placed between the compressor and turbine in the fuel circuit. Auxiliaries, such as cooling fan, water pumps, etc. and the generator itself are also driven by the turbine. Other auxiliaries are starting device, lubrication system, duct system, etc. For ease of analysis, the steady state model of simple gas turbine is presented in Figure 1 .
Methodology
The exergoeconomic analysis has been proved to be a powerful tool for analyzing, evaluating and improving energy-conversion systems. Based on the idea that exergy represents the only rational basis not only for assessing the inefficiencies of thermal power system but also for assigning costs to irreversibilities in the system, a methodological approach called exergoeconomic analysis is applied to evaluate performance of the selected gas turbine power plants in Nigeria.
Exergoeconomic analysis
In the exergoeconomic analysis of energy conversion system, four steps proposed by Tsatsaronis (1993) were followed in this study. The first step is exergy analysis. The second step is economic analysis of each of the plant components. This step provides the monetary costs associated with investment, operation and maintenance. The third step is the estimation of exergetic costs associated with each flow and finally, the fourth step is the exergoeconomic evaluation of each system component.
3.1.1. Exergy analysis Exergy can be divided into four distinct components. The two important ones are the physical exergy and chemical exergy . In this study, the other two components which are kinetic exergy and potential exergy are assumed to be negligible, as the changes in them are insignificant.
The following steps of exergy analysis itemized by Demirel (2013) are used in this study:
• Define the system boundary of processes to be analyzed.
• Define all the assumptions and the reference temperature, pressure, and composition.
• Determination of the total exergy losses.
• Determination of the thermodynamic efficiency (exergetic efficiency).
• Use exergy loss profiles to identify the regions performing poorly.
• Identification of improvements and modifications to reduce the cost of energy and operation. Applying the first and the second laws of thermodynamics, the following exergy balance is obtained:
The subscripts i, e, j and 0 refer to conditions at inlet and exits of control volume boundaries and reference state. Equation (1) can be written as:
Equation (2) implies that the exergy change of a system during a process is equal to the difference between the net exergy transfer through the system boundary and the exergy destroyed within the system boundaries as a result of irreversibilities.
The exergy-balance equations and the exergy destroyed during each process and for the whole gas turbine plant are written as follows: (5b) 3.1.2. Exergy improvement potential of gas turbine plant The exergy improvement potential of an energy conversion system is a measure of how much and how easily the system could be improved for
It is a thermodynamic approach combining exergy losses and effectiveness to have a more complete parameter of the performance of the system (Rivero et al., 2004) . The exergy improvement potential makes it possible to determine the critical points of the system stating a hierarchy on its components in such a way that the corrective measure be applied to the places where they will be most effective.
The exergetic improvement potential is obtained from the exergy losses and the efficiency of the system. It is calculated by the Equation (6) (Hammond, 2004; Van Gool, 1997) :
Where, ExIP is the exergetic improvement potential, ε is the exergetic efficiency (%) and I is the exergy loss or irreversibility rate.
For a control volume at steady state, the exergetic efficiency is (8) Where the rates at which the fuel is supplied and the product is generated are denoted by E .
L denote the rates of exergy destruction and exergy loss, respectively. The exergy rate of product, E . p and exergy rate of fuel, E . F for major components of gas turbine power can be determined using the equations presented by Bejan et al., (1996) .
In any real engineering system (which is irreversible) exergy is degraded and the exergy efficiency is consequently less than unity. According to Van Gool (1992) the maximum improvement in the exergy efficiency for a process or system is obviously achieved when ∆E lost is minimized.
The ith component efficiency defect denoted by δ i is given by Equation (10) (Abam et al., 2011b) : (10) The overall exergetic efficiency of the entire plant is given as: (11) The amount of exergy loss rate per unit power output as important performance criteria is given as: (12) Where ξ is the exergetic performance coefficient.
Exergy destruction rate and efficiency equations for the gas turbine power plant components and for the whole cycle are summarized in Table 1 .
Economic analysis
The economic analysis, conducted as part of the exergoeconomic analysis, provides the appropriate monetary values associated with the investment, 
operation, maintenance and fuel costs of the system being analyzed (Siahaya, 2009; . These values are used in the cost balances (Bejan et al., 1996) . The annualized (levelized) cost method of Moran (1982) is used to estimate the capital cost of system component in this work.
The amortization cost for a particular component may be written as (Kim et al., 1998; Gorji-Bandpy et al., 2010) :
Where the salvage value (SV) at the end of the nth year is taken as 10% of the initial investment for component (or purchase equipment cost, PEC). The present worth (PW) of the component may be converted to the annualized cost by using the capital recovery factor CRF (i,n) (Gorji-Bandpy and Goodarzian, 2011; Kim et al., 1998) 
Where, i is the interest rate and it is taken to be 17% (Gorji-Bandpy and Goodarzian, 2011) , n is the total operating period of the plant in years and was obtained from the selected plants. PEC is the purchased-equipment cost.
Equations for calculating the PEC for the components of the gas turbine power plant are as follows (Bejan et al., 1996; Barzegar-Avval et al., 2011) 
Dividing the levelized cost by annual operating hours, N, we obtain capital cost rate for the kth component of the plant (Kwon et al., 2001) : (18) The maintenance cost is taken into consideration through the factor Z . k = 1.06 for each plant component (Kwon et al., 2001; Gorji-Bandpy et al., 2010; Gorji-Bandpy and Goodarzian, 2011) .
Estimation of gas turbine exergy costing
Exergoeconomics is based on exergy costing and is usually applied at the plant component (Tsatsaronis and Winhold, 1984) .
In order to perform exergy costing calculations, gas turbine components ( 
The cost -balance equations for all the components of the system construct a set of 
Where subscript 6 denotes the power input to the compressor Combustion Chamber
Gas Turbine
The auxiliary equation for gas turbine is given as:
Additional auxiliary equation is formulated assuming the same unit cost of exergy for the net power exported from the system and power input to the compressor:
The cost rate associated with fuel (methane) is obtained from (Valero et al., 1994) :
Where the fuel cost per energy unit (on an LHV basis) is c f = 0.004$/MJ (Valero et al., 1994) , C . f is the mass flow rate of fuel and LHV is the lower heating value of fuel.
A zero unit cost is assumed for air entering the air compressor, i.e,
C
.
In order to estimate the cost of exergy destruction in each component of the plant, the cost -balance equations were solved for each component. In application of the cost -balance equation (Equation (19)), there is usually more than one inlet and outlet
streams for some components. In this case, the numbers of unknown cost parameters are higher than the number of cost -balance equations for that component. Auxiliary exergoeconomic equations (Equations (24) and (25)) are developed to solve this problem. Implementing Equation (19) for each component together with the auxiliary equations forms a system of linear equations as follows (Ameri et al., 2007; Ahmadi et al., 2010) :
k ] are the matrix of exergy rate which were obtained in exergy analysis, exergetic cost vector (to be evaluated) and the vector of Z . k factors (obtained in economic analysis), respectively. The above set of equations was solved using MATLAB to obtain the cost rate of each line in Figure 1. 3.1.5. Exergoeconomic variables for gas turbine components evaluation In exergoeconomic evaluation of thermal systems, certain quantities play an important role. These are the average cost of fuel (C F , k), average unit cost of product (C P , k), the cost rate of exergy destruction (C . D , k), relative cost difference r k and exergoeconomic factor f k .
Then the average costs per unit of fuel exergy (C F , k)and product exergy (C P , k) are calculated from (Fellah et al., 2010) :
The cost rate associated with exergy destruction is estimated as: (31) Relative cost difference r k is given as (Moran and Tsatsaronis, 2000) :
One indicator of exergoeconomic performance is
the exergoeconomic factor, f k . The exergoeconomic factor is defined as (Gorji -Bandpy and Goodarzian, 2011; Fellah et al., 2010) :
Results and discussion
The average operating data for the selected gas turbine power plants for the period of six years (2005 -2010) are presented in Table 2 .
Results of exergy analysis
The exergy flow rates at the inlet and outlet of each component of the plants were evaluated based on the values of measured properties such as pressure, temperature, and mass flow rates at various states. These quantities were used as input data to the computer program (MATLAB) written to perform the simulation of the performance of the components of the gas turbine power plant and the overall plant. Table 3 presents results of the net exergy flow rates crossing the boundary of each component of the plants, exergy destruction, exergy defect, exergetic performance coefficient and exergy efficiency of each component of the plants. The two most important performance criteria, exergy efficiency and exergetic performance coefficient (ξ) vary from 15.66 -30.72 % and 1.45 -2.44 respectively for the considered plants. Since the condition of good performance is derived from a higher overall exergetic efficiency but a lower exergetic performance coefficient for any thermal system, hence, it can be inferred that AF2, AF1 and DEL4 gas turbine plants have good performance. The total exergy destruction rates vary from 59.42 to 234.49 MW, AF4 has the highest value and DEL 2 has the least value. The total efficiency defects and overall exergetic efficiency vary from 38.64 to 69.32 % and 15.66 to 30.72% respectively. The efficiency defects are higher for AF4 (69.32%) and AF3 (62.94%) than other units.
The exergy analysis results also show that the highest percentage exergy destruction occurs in the combustion chamber (CC) and followed by the air compressor in some plants in the range of 82.61 to 91.29 % and 4.10 to 8.16 % respectively. Hence, the combustion chamber is the major source of thermodynamic inefficiency in the plants considered due to the irreversibility associated with combustion and the large temperature difference between the air entering the combustion chamber and the flame temperature. These immense losses basically mean that a large amount of energy present in the fuel, with great capacity to generate useful work, is being wasted. The variations in performance of the plants may be ascribed to poor maintenance procedures, faulty components and discrepancies in operating data.
To illustrate the effect of operating parameters on the second law efficiency of the components of the gas turbine, the AES1 (PB204) plant is considered as a typical case. The simulation of the performance of plant and components was done by varying the air inlet temperature from 290 to 320 K; and the turbine inlet temperature from 1000 to 1400K, respectively. Figure 2 compares the second-law efficiencies of the air compressor, combustion chamber, gas turbine and the overall plant when the ambient temperature increases. The exergy efficiency of the turbine component and the overall exergetic efficiency of plant decreased with increased ambient temperature, whereas the exergy efficiencies of the compressor and turbine increased with increased ambient temperature. The overall exergetic efficiency decreased from 18.53 to 17.26% for ambient temperature range of 290 -320 K. It was found that a 5 K rise in ambient temperature resulted in a 1.03% decrease in the overall exergetic efficiency of the plant. The reason for the low overall exergetic efficiency is due to large exergy destruction in the combustion chamber (Kotas, 1995) .
The exergetic efficiency (or second law efficiency) of the plant was also found to depend significantly on a change in turbine inlet temperature. Figure 3 shows that the second-law efficiency of the plant increases steadily as the turbine inlet temperature increases. The increase in exergetic efficiency with the increase in turbine inlet temperature is limited by turbine material temperature limit. This can be seen from the plant efficiency defect curve. As the turbine inlet temperature increases, the plant efficiency defect decreases to minimum value at certain TIT (1200K), after which it increases with TIT. This shows degradation in performance of gas turbine plant at high turbine inlet temperature.
Exergy improvement potential
The results of the exergy improvement potential of the selected plants are presented in Table 4 . The total exergy improvement potential of the selected plants varies from 54.04 MW to 159.88 MW. The component with the highest exergy improvement potential is the combustion chamber, which has value varies from 30.21 MW to 88.86 MW. This is followed by the air compressor which has value varies from 3.30 MW to 14.95 MW. The high improvement potential in the combustion chamber is due to the irreversibility associated with combustion and the large temperature difference between the air entering the combustion chamber and the flame temperature. These immense losses basically mean that a large amount of energy present in the fuel, with great capacity to generate useful work, is being wasted. Exergy improvement potential can be afforded in the combustion chamber by preheating the reactants and by reducing the heat loss and the excess air entering the combustion chamber. The lower improvement potential in the air compressor when compared with the combustion chamber is due to relatively heat loss from the air compressor through friction as compared to the large temperature difference between the air entering the combustion chamber and the flame temperature. These results have made it possible to determine the critical points of the gas turbine system stating hierarchy on its components in such a way that the measure be applied to the places where they will be most effective.
Results of exergoeconomic analysis
The exergoeconomic performance of the gas turbine of the selected Power Plants in Nigeria is investigated considering the values of measured properties such as temperature, pressure, and mass flow rate at various points in the gas turbine power plants. The periods of operation for each plant investigated in this study are: AES station (12 years for PB204, PB209 and PB210), Afam station (30 years for GT17 and GT18; 11 years for GT19 and GT20), and Delta station (12 years for GT9, GT10, GT18 and GT20). An interest rate of 17% is considered for all exergoeconomic calculations (Gorji-Bandpy and Goodarzian, 2011) .
Solving the linear system of equations (14 to 20), the cost rates of the unknown streams of the system are obtained. Tables 5 to 7 show the results of levelized cost rates and average costs per unit of exergy at various state points in the AES Barges gas turbine system, Afam gas turbine system and Delta gas turbine system respectively. For these systems, the unit cost of electricity computed from the exergy costing method for the selected plants varies from $5.23 /GJ (cents 1.88 /kWh) (N2.99 /kWh) to $15.68 /GJ (cents 5.65 /kWh) (N8.98 /kWh) (see Tables 5 to 7) .
The exergoeconomic parameters for each of the components of the plants considered in this study for their actual operating conditions are summarized in Tables 8 to 10 . The parameters include average costs per unit of fuel exergy C F and product exergy C P , rate of exergy destruction E . D , cost rate of exergy destruction C . D , investment and O &M costs rate Z . and exergoeconomic factor f. In analytical terms, the components with the highest value of Z . k + C . Dk are considered the most significant components from an exergoeconomic perspective. This provides a means of determining the level of priority a component should be given with respect to the improving of the system.
For all the plants considered, the combustion chamber and air compressor have the highest value of the sum Z . k + C . Dk and are, therefore, the most important components from the exergoeconomic viewpoint. The low value of exergoeconomic factor, f, associated with the combustion chamber suggests that the cost rate of exergy destruction is the dominate factor influencing the component. Hence, it is implied that the component efficiency is improved by increasing the capital investment. This can be achieved by increasing gas turbine inlet temperature (GTIT). The maximum GTIT is limited by the metallurgical considerations (Altayib, 2011; Gorji-Bandpy and Goodarzian, 2011) .
Considering air compressor which has the second highest value of the sum Z . k + C . Dk (except for units AF3, AF4 and DEL3), the relatively large value of the factor f suggests that the capital investment and O & M costs dominate. According to equation (15) of the cost model, the capital investment costs of the air compressor depend on pressure ratio (P 2 /P 1 ) and compressor isentropic efficiency η sc . To reduce the Table 5 .
Levelized cost rates and average costs per unit of exergy at various state points in the AES Barges gas turbine system. Table 6 . Levelized cost rates and average costs per unit of exergy at various state points in the Afam gas turbine system. Table 7 . Levelized cost rates and average costs per unit of exergy at various state points in the Delta gas turbine system. Table 9 . Exergoeconomic parameters of the gas turbine components for Afam gas turbine station. Exergoeconomic AF1 ( Table 10 . Exergoeconomic parameters of the gas turbine components for Delta gas turbine station. Exergoeconomic value associated with the air compressor may be achieved by reducing the pressure ratio (P 2 /P 1 ) and /or the isentropic efficiency η sc (Bejan et al., 1996) . Moreover, Tables 8 to 10 show that the exergy destruction and investment cost are almost equal for air compressor when compared with other components. This implies that the systems performance may be improved by increasing the investment cost of this component.
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The air compressor has the highest f value in most of the plants investigated except plants AES1 (PB204), AES2 (PB209) and AES3 (PB210) with f value 50.44%, 45.94% and 36.53% respectively. The cost effectiveness of the entire system of the plants investigated can be improved if the Z . value of gas turbine is reduced. According to equation (17) of the cost model, the capital investment and O & M costs of the gas turbine depend on temperature T 3 , pressure ratio P 3 /P 4 , and turbine isentropic efficiency η st . To reduce the high Z . value associated with the gas turbine, we need to consider reduction in the value of at least one of the variables.
The results of the exergoeconomic analysis of the plants investigated show that the combustion chamber (CC) exhibits the greatest exergy destruction cost. The next highest source of exergy destruction cost is the air compressor. In comparing the results of exergy and exergoeconomic analyses, similar trends are revealed. Increasing gas turbine inlet temperature effectively decreases the cost associated with exergy destruction. Further comparisons between related results are consistent with those reported by Ahmadi et al. (2011b) , and confirm that the most significant parameter in the plant is GTIT. The finding establishes the concept that the exergy loss in the combustion chamber is associated with the large temperature difference between the flame and the working fluid. Reducing this temperature difference reduces the exergy loss. Furthermore, cooling compressor inlet air allows the compression of more air per cycle, effectively increasing the gas turbine capacity.
To illustrate the effect of GTIT on the exergy destruction cost of combustion chamber of the selected plants, AES1 (PB204) plant is considered as sample. The simulation was done by varying the gas turbine inlet temperature from 950 -1500K. Figure 3 shows the effect of variation in GTIT on combustion chamber exergy destruction cost. This figure shows that, like the exergy analysis results, the cost of exergy destruction for the combustion chamber decreases with an increase in the gas turbine inlet temperature (TIT). This is due to the fact that the cost of exergy destruction is proportional to the exergy destruction. Hence, an increase in the gas turbine inlet temperature can decrease the cost of exergy destruction. Furthermore, from Figure 4 , an increase in the TIT of about 200 K can lead to a reduction of about 29% in the cost of exergy destruction. Therefore, TIT is the best option to improve cycle losses. 
Conclusions and recommendations
In the present study, exergy and exergo-economic analyses were performed for eleven selected gas turbine power plants in Nigeria.
The results from the exergy analysis show that the combustion chamber is the most significant exergy destructor in the selected power plants, which is due to the chemical reaction and the large temperature difference between the burners and working fluid. Moreover, the results show that an increase in gas turbine inlet temperature (GTIT) leads to an increase in gas turbine exergy efficiency due to a rise in the output power of the turbine and a decrease in the combustion chamber losses.
The results from the exergoeconomic analysis, in common with those from the exergy analysis, show that the combustion chamber has the greatest cost of exergy destruction compared to other components. In addition, by increasing gas turbine inlet temperature (GTIT) the gas turbine cost of exergy destruction can be decreased. The finding solidifies the concept that the exergy loss in the combustion chamber is associated with the large temperature difference between the flame and the working fluid. Reducing this temperature difference reduces the exergy loss. Furthermore, cooling compressor inlet air allows the compression of more air per cycle, effectively increasing the gas turbine capacity. The results of this study revealed that an increase in the GTIT of about 200 K can lead to a reduction of about 29% in the cost of exergy destruction. Therefore, GTIT is the best option to improve cycle losses. From exergy costing analysis, the unit cost of electricity produced in the selected power plants varies from cents 1.99 /kWh (N3.16 /kWh) to cents 5.65 /kWh (N8.98 /kWh).
Recommendations to improve performance of
the selected power plants In order to address increasing electricity demand, cost of electricity generation and concern for environmental safety in the selected power plants, it is imperative to install power plants based on advanced technologies which are more energy efficient, environmentally acceptable, and economically viable. Results of this research provide insight into the economic impacts from exergy analysis perspective of the selected gas turbine power plants in Nigeria. The following possible technologies to improve performance of the selected gas turbine power plants are hereby recommended:
The results of this study revealed that the combustion chamber has the largest irreversibility and cost of exergy destruction. This large exerge loss can be reduced in the selected power plants by addition of spray water and preheating of the reactants in the combustion chamber.
Heat recovery from hot exhaust gases can be used to augment the performance of the gas turbine plant. Combined cycle is a common way to recover thermal energy from the exhaust gases; it is suitable for these plants as they operate as the base load plants (Oyedepo et al., 2014) . Though, gas turbine engines have the advantage of fast startup, but suffer from low power output and thermal efficiency at high ambient temperatures. GT power plants operating in Nigeria are simple GTs, there is a tremendous derating factor due to higher ambient temperatures. The average efficiency of GT plants in the Nigerian energy utility sector over the past two decades was in the range 27-30% (Abam et al., 2012) . Therefore, retrofitting GT power plants in Nigeria with advanced cycle would improve their performance significantly. Among many proven technologies are inlet air cooling, intercooling, regeneration, reheating and steam injection gas turbine (STIG) etc. Air inlet cooling system (evaporative cooling, inlet fogging or inlet chilling method) is a useful option for increasing power output of the selected power plants. This helps to increase the density of the inlet air to the compressor.
The compressor airfoils of older turbines tend to be rougher than a newer model simply because of longer exposure to the environment. In addition, the compressor of older models consumes a larger fraction of the power produced by the turbine section. Therefore, improving the performance of the compressor will have a proportionately greater impact on total engine performance. Application of Coatings to gas turbine compressor blades (the "cold end" of the machine) would improve the selected gas turbine engines performance. Compressor blade coatings provide smoother, more aerodynamic surfaces, which increase compressor efficiency. In addition, smoother surfaces tend to resist fouling because there are fewer "nooks and crannies" where dirt particles can attach. Coatings are designed to resist corrosion, which can be a significant source of performance degradation, particularly if a turbine is located near saltwater. As AES Barge gas turbine plant is located on lagoon, compressor coating technology would improve the plant performance significantly.
Another option for improving the selected gas turbine plants performance is to apply ceramic coatings to internal components. Thermal barrier coatings (TBCs) are applied to hot section parts in advanced gas turbines. As some of the selected gas turbines are over 25 years in operation, TBCs can be applied to the hot sections of the selected gas turbines. The TBCs provide an insulating barrier between the hot combustion gases and the metal parts. TBCs will provide longer parts life at the same firing temperature, or will allow the user to increase firing temperature while maintaining the original design life of the hot section.
